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Abstract— In recent years, high-speed wireless communication is in vogue. In wireless communication systems, multipath fading, delay and in-
terferenc occurres by reflection or diffraction. In a high-speed wireless communication, it becomes a necessary to separate desired signal from de-
lay or interference signal. Thus to overcome these problems Smart antenna systems have been developed. Basically there are two types of smart 
antenna systems, one is Switched beam system and another  Adaptive array system.This paper presents the optimum design of a 4x4 plannar 
Butler matrix array as a key component of a switched beam smart antenna system, operating at 5.2 GHz for WLAN with a dielectric substrate, FR4 
of rε =4.9 and h=1.6mm. Conception details, simulation results and measurements are also given for the components (microstrip antenna, hybrid 
couplers, cross-coupler, phase shifter) used to implement the matrix. In this dissertation, mathematical calculations for all the components using 
MATLAB is done and then every individual component is designed using the commercial software SONNET. Then these entire components have 
been combined on a single substrate and simulated using SONNET. 
Index Terms—Switched beam system, 4x4 Butler matrix array, Microstrip. 
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1 INTRODUCTION
ow Smart antenna [1] is one of the most promising tech-
nologies that will enable a higher capacity in wireless 
networks by effectively reducing multipath and co-
channel interference. This is achieved by focusing the radiation 
only in the desired direction and adjusting itself to changing 
traffic conditions or signal environments. Smart antennas em-
ploy a set of radiating elements arranged in the form of an ar-
ray. 
Switched beam systems [2] are referred as antenna-array sys-
tems that form multiple-fixed beams [3] [4] with enhanced 
sensitivity in a specific area. This antenna system detects signal 
strength, selects one of the several predetermined fixed beams, 
and switches from one beam to another as the user moves. 
This paper introduces the 4x4 planar Butler matrix array [2] [3] 
[4] as a key component of the switched beam system. Basically 
this Butler matrix array forms multiple fixed overlapping 
beams which will cover the designated angular area. It is a 
NxN passive feeding network with N radiating elements. The 
output ports of the butler matrix feed the antenna elements.  It 
is easy to implement and requires few components to build 
compared to the other networks. The loss involved is very 
small, which comes from the insertion loss in hybrids, phase 
shifters and transmission lines. However in a butler matrix, 
beamwidth and bean angles tend to vary with frequency. Also 
it has a complex interconnection scheme for a large matrix. 
Butler matrix has been implemented with various techniques 
such as waveguide, microstrip, multilayer microstrip, sus-
pended stripline, CPW etc. Microstrip technique is widely 
used in Butler matrix due to its numerous advantages such as 
low profile, easy fabrication and low cost. 
In this paper we are using the microstrip technique [5] [6] to 
implement the Butler matrix array. The major components of 
the butler matrix such as hybrid couplers, crossovers and 
phase shifters are designed by microstrip line technique and 
the array is formed by four rectangular patch microstrip an-
tennas with inset feeding. Antennas provide the directional 
pattern individually.  
    
Fig 1: Block diagram of 4x4 Butler matrix array 
 
As all the radiating elements are implemented together the 
system can provide narrow beams in different directions with 
higher gain. The microstrip technique is used to implement the 
matrix as well as the antenna array on the same substrate.  
This paper presents the optimum design and the simulation 
results of 4x4 planar Butler matrix array and all its individual 
components.   
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2    ANALYSIS AND DESIGN 
The butler matrix [2] [7] [9] is a NxN network consisting of N 
input ports and N output ports, (N/2) 2log (N) 900 hybrids and 
(N/2)( 2log  (N)-1) fixed phase shifters to form the beam pat-
tern. 
The NxN Butler matrix creates a set of n orthogonal beams in 
space by processing the signal from N antenna elements.These 
beams are pointing in the direction θ governed by the follow-
ing equation: 
 
iθsin = ± (iλ/2Nd) …………… (1) 
 
Where i = 1, 2, 3,….,(N-1). The corresponding inter element 
phase shift with spacing d=λ/2 is  
 
αi= βd iθsin  = i(π/N) …………(2) 
 
Where β = 2π/λ, is the wave number. This paper presents the 
optimum design of 4x4 planar Butler matrix array which con-
sist of four 900 hybrid, two crossovers and two -450 phase shif-
ters. From fig 1 it is evident that the Butler matrix has four in-
puts 1R, 2L, 2R, 1L and four outputs A1, A2, A3, A4. These four 
outputs are used as inputs to antenna elements to produce 
four beams. The input ports of the Butler matrix are named 
according to their beam position. 
2.1 900 HYBRID 
Fig 2: Geometry of 900 hybrid 
 
Quadrature hybrid [5] [6] or 900 hybrid is a well known device 
used for its ability to generate signals 90 degree out of phase at 
its outputs. Through Even-Odd mode analysis it can be shown 
that the S matrix will have the following form, 
 
 
 
 
 
 
From the above figure it is evident that the quadrature hybrid 
has four port, port 1 is the input port, port 2 is the output port, 
port 3 is the coupled port and port 4 is the isolated port.When 
power is applied to the port 1 it is equally distributed in port 2 
and port 3 and port 4 is isolated since no power reaches 
it.There is a 900 phase difference between port 2 and port 3. 
 
                                                      
 
 
 
2.2   CROSSOVER 
Fig 3: Geometry of the crossover 
 
By cascading two 900 hybrids we can implement a crossover 
but it does not give satisfactory performance so the geometry 
used to implement the crossover [10] is shown in fig3. The S 
matrix for the crossover can be obtained by extending the even 
odd mode analysis for the quadrature hybrid. The S matrix 
will have the following form: 
2.3    PHASESHIFTER 
 
The phase shifter [5] [6] is implemented using microstrip 
transmission line. The length of the line corresponding to 450 
phase shift is given by the formula 
 
Φ = (2/λ)L  …………….(3) 
Where L is in meters, φ is in radians. λ is the wavelength in the 
microstrip line. The wavelength in the microstrip transmission 
line is given by 
 
λ= 0λ /(ϵreff)0.5……..……(4) 
Where λ0 is the free space wavelength and ϵreff is the effective 
dielectric constant of the microstrip line. Since the phase shift 
is implemented using simple transmission line therefore it is 
linearly frequency dependent. 
 
  3    EXPERIMENTAL SETUP AND RESULTS 
 
At first the important mathematical calculations for finding the 
dimensions of all the individual components is done using 
MATLAB and then the individual components are designed 
and simulated using SONNET. After getting good results all 
the individual components are combined on a single substrate 
to implement the Butler matrix and simulated using SONNET.  
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3.1  900 Hybrid 
 
900 hybrid is made by two main transmission lines shunt 
connected by the two secondary branch lines. It has two 
50Ω and two 35.4 Ω transmission lines with length λ/4. 
So the perimeter of the square is approximately equal to 
one wavelength. Some mathematical equations used to 
calculate the width and the length of the transmission 
lines are given below, for Z0≤ 44 - 2ϵr  
                                                                         
…………….(5) 
 
otherwise  
                                       
………………………………………(6) 
where  
                                           
...………….(7) 
and   
                                                                 ……………………...………………....(8) 
 
 
 W is the width of microstrip lines [5] [6] and h is the height of 
the substrate FR4 and the length of the microstrip line is cal-
culted by the following formula 
                                                          
…………….....……………………….(9) 
 
where f is the operating frequency, c is speed of light in free 
space and  is the effective dielectric constant. Now the 
optimum design of 900 hybrid obtained by the SONNET is 
given below 
Fig 3: Optimum design of 900 hybrid at 5.2GHz 
 
Parameters Calculated values Measured values 
Width of 50 ohm 
line 
2.8 mm 2.8 mm 
Width of 35.4 ohm 
line 
4.8 mm 3.8 mm 
Length of the line 7.5 mm 6.5 mm 
 
Simulation results are given below 
 
 
 
Fig 4: Returnloss vs frequency, s11= -23.7dB 
Fig 5: Coupling level vs frequency, s13= -5.7dB 
                          Fig 6: Phase difference = s12- s13= 86.40 
 
                                                 
 
 
 
 
 
 
 
 
 
         
              
   
 
              
 
 
 
 
 
     Fig 7: Current distribution at 5.2GHz 
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3.2 Crossover   
The crossover is implemented by 50Ω microstrip line. 
Optimum design is given below 
 
 
 
 
 
 
 
 
 
 
 
 
 
 3.3         Phaseshifter 
In this paper -450 phaseshifter [5] is used. The phaseshifter is 
implemented using the microstrip lines and the length of the 
microstrip lines are calculated by the eq(3)and eq(4). Optimum 
design is given below 
 
 
 
 
 
3.4        Rectangular patch microstrip antenna 
     Output ports of the butler matrix feed the antenna elements.      
The 4x4 butler matrix feed 4 radiating elements, so we can get 
the fixed overlapping beams directed in the different direc-
tions and cover the 1200 cellular area. Here rectangular patch 
microstrip antenna [8] is used as a radiating element. Width 
and length of the rectangular patch and the length of the inset 
feed is calculated by the following formulae 
 
 
               ………………………….(10) 
 
                                                     
....……….(11) 
 
 
 
 
 
 
 
 
 
Fig 8: Optimum design of crossover at 5.2GHz. 
Fig 9: returnloss = -25.81dB and coupl-
ing = -4.45dB. 
Fig 10: Current distribution at 5.2GHz. 
Fig 11: Optimum design of phaseshifter at 5.2GHz. 
Fig 12: phaseshiftining = -44.830. 
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……………..(12) 
So , 
 
                                                              …….…...………………….(13) 
 
and the location of inset feeding is derived by the following 
formula 
                                                                                 
……….(14) 
 
W is the width of the patch and L is the length ,the length of 
the patch has beed extended along with its length on each side 
by a length ∆L due to the fringing effect and h is the height of 
the substrate. Optimum design is given below 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.5        Design of 4x4 Butler matrix array  
Now all the individual components are combined on a single 
substrate FR4 to implement the butler matrix array [4] [9] [11]. 
Optimum design of butler matrix array is given below 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 13: Optimum design of rectangular patch anten-
na at 5.2GHz. 
Fig 14: returnloss = -15.8dB at 5.2GHz. 
Fig 15: Current distribution at 5.2GHz. 
Fig 16: Radiation pattern at 5.2GHz. 
Fig 17: Optimum design of 4x4 butler matrix array at 5.2GHz. 
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The coupling levels [2] of the butler matrix array is given be-
low when the different ports are fed 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 18: returnloss = -29.24dB 
Fig 19: returnlosses for different ports, = -23.71dB, 
= -25dB, = -40.85dB. 
Fig 20: coupling levels , , ,  at 5.2GHz. 
Fig 21: coupling levels , , ,  at 5.2GHz. 
 
Fig 22: coupling levels , , ,  at 
5.2GHz. 
Fig 23: coupling levels , , ,  at 
5.2GHz. 
Fig 24: Current distribution when all the ports are fed at 
5.2 GHz. 
Fig 25: Radiation pattern of 4x4 butler matrix array when all 
ports are fed at 5.2GHz. 
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4.   CONCLUSION 
 
This paper presents the optimum design of a 4x4 planar Butler 
matrix array for WLAN application. Initially all the necessary 
formulae for dimensions of hybrid coupler, crossover, phase-
shifter and radiating elements are evaluated using MATLAB. 
Then all the components are designed and simulated using 
commercial software SONNET. After achieving proper simula-
tion results of all individual components, these components 
are then combined on a single substrate and simulated using 
SONNET. Here a high dielectric constant is considered for the 
design, hence after studying the simulation results of individ-
ual components and the whole structure it is evident that high 
loss has occurred. To reduce this loss a low dielectric constant 
can be used. This design will cover 1200 cellular area, for larger 
coverage the design should be extended to 8x8 matrix. Also to 
increase the gain, different kinds of radiating elements should 
be used. These designs need to be verified experimentally. 
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